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Aphids attack virtually all plant species and cause
serious crop damages in agriculture [1]. Despite their
dramatic impact on food production, little is known
about the molecular processes that allow aphids to
exploit their host plants. To date, few aphid salivary
proteins have been identified that are essential for
aphid feeding, and their nature and function remain
largely unknown [2–4]. Here, we show that a macro-
phage migration inhibitory factor (MIF) is secreted
in aphid saliva. In vertebrates, MIFs are important
pro-inflammatory cytokines regulating immune re-
sponses [5, 6]. MIF proteins are also secreted by par-
asites of vertebrates, including nematodes, ticks,
and protozoa, and participate in the modulation of
host immune responses [7–9]. The finding that a plant
parasite secretes a MIF protein prompted us to
question the role of the cytokine in the plant-aphid
interaction. We show here that expression of MIF
genes is crucial for aphid survival, fecundity, and
feeding on a host plant. The ectopic expression
of aphid MIFs in leaf tissues inhibits major plant
immune responses, such as the expression of de-
fense-related genes, callose deposition, and hyper-
sensitive cell death. Functional complementation an-
alyses in vivo allowed demonstrating that MIF1 is the
member of the MIF protein family that allows aphids
to exploit their host plants. To our knowledge, this is
the first report of a cytokine that is secreted by a
parasite to modulate plant immune responses. Our
findings suggest a so-far unsuspected conservation
of infection strategies among parasites of animal and
plant species.
RESULTS AND DISCUSSION
Aphids Secrete a MIF1 Salivary Protein
We previously showed [10] that the pea aphid Acyrthosiphon
pisum expresses five members of a MIF multigene family1898 Current Biology 25, 1898–1903, July 20, 2015 ª2015 Elsevier L(ApMIF1–ApMIF5; Figure 1A). Here, we show the existence and
expression of threeMIF members in the green peach aphidMy-
zus percicae, which we named MpMIF1 (GenBank: KP218519),
MpMIF3 (GenBank: KR136352), and MpMIF4 (GenBank:
KR136353) according to their sequence similarities with the
A. pisum MIFs [10]. Sequence similarities among aphid MIFs
are more pronounced between identical members from different
species (orthologs) than between different members of the same
species (paralogs; Figure S1). This is consistent with previous re-
sults showing a complex evolutionary history, which is character-
ized by differential gene loss and duplication across insect phyla
and which occurred before the diversification of aphids [10].
In both A. pisum andM. persicae, transcripts of allMIF genes
were detected in whole bodies (Figures 1A and 1B). However,
ApMIF1 andMpMIF1were the uniquemembers to be expressed
in salivary glands (Figures 1A and 1B). The presence of MIF pep-
tides in aphid saliva was recently reported in a proteomic study
[12]. Here, MIF proteins were detected in artificial medium after
feeding of aphids (Figure 1C), demonstrating that both species
secrete the cytokine during feeding.
Secretion of MIF proteins has been reported for a variety of
vertebrate host-infecting parasite species, including nematodes,
such as hookworms [11]; protozoa, such as Leishmania and
Plasmodium [7]; and ticks [8, 13]. Several studies provided evi-
dence that parasite MIFs participate in host immunomodulation
[11, 14]. The molecular mechanisms underlying interference with
the host immune system remain to be elucidated for most of
these vertebrate-parasite interactions, but hookworms likely op-
erate through the endogenousMIF-related signaling pathways of
the host [11]. The secretion of a MIF by aphids is intriguing, as it
raises the question of the role of such cytokine in the aphid-plant
interaction.
Expression of AphidMIFs Is Required for an Exploitation
of the Host Plant
To investigate whether expression ofMIF1 affects the success of
the aphid-plant interaction, we used RNAi ofMIF1 on the model
aphid A. pisum. Analysis of the interference efficiency and dy-
namics showed that, despite the sequence differences between
genes of the MIF family (Figure S1), the RNAi targeting of MIF1
results in a strong under-expression of the three well-expressed
ApMIFs, ApMIF1, ApMIF2, and ApMIF3 (Figure S2). This non-
specific effect of dsRNA on related genes (orthologs or paralogs)td All rights reserved
Figure 1. Expression of Aphid MIF1 in Sali-
vary Glands
(A and B) Relative expression ratios of MIF
members in whole bodies (black) and salivary
glands (white) from (A) the A. pisum genetic line-
age LL01 and (B) M. persicae. Expression values
are normalized to EF1 expression and shown
as a percent of total expression of MIFs in
whole bodies. Each bar represents the mean
expression ± SD obtained from three independent
experiments.
(C) Representative western blots showing ApMIF1
or MpMIF1 protein in 15 mg total protein prepared
from aphid whole bodies (WB) or saliva-condi-
tioned medium (SM). Antibodies were raised
against two MIF1 peptides [11] (Figure S1).has been previously reported and shown to function on genes
containing as few as 11 contiguous nucleotides identical to the
triggered transcript [15]. Under-expression of ApMIF-encoding
genes results in a significant decrease in survival and fecundity
of A. pisum when feeding on their host plant Vicia faba (Fig-
ure 2A). By contrast, no difference in survival and fecundity
was observed between MIF1-dsRNA injected and control
aphids,whenmaintainedonartificial feedingmedium (Figure 2B).
Therefore, the reduced survival and fecundity of aphids that un-
der-express MIFs seem not to result from a general deleterious
effect of MIF repression but rather from an impediment of the
interaction with the host plant. We thus analyzed in more detail
the feeding behavior of aphids that under-expressMIFs. Electro-
penetrography (EPG) recordings (Figures 2C and 2D) showed no
variation in the pathway phases (phase 1 and 2) between GFP-
and MIF-dsRNA-injected aphids (Figure 2C; Table S2). By
contrast, aphids that under-express MIF showed significantly
reduced periods of long-repeated punctures in phloem ele-
ments, required more time for initiating phloem sap ingestion,
and remained for a much-shorter time in the phloem feeding
phase 3 (Figure 2E). This altered behavior decreased the overall
ratio of aphids that succeeded in phloem feeding (Table S1).
The EPG parameters show that the repression of MIF genes
does not affect the aphid’s ability to explore plant tissues
but rather disturbs their ability to feed from phloem sap. Long-
repeated punctures realized in companion cells and phloem cells
are a prerequisite for phloem feeding [16], and alteration in these
punctures has been reported for aphids being exposed to resis-
tant plants [17]. Taken together, our results show that the aphid
requires MIF proteins for exploiting the plant and suggest that
these cytokines may play a role in modulating the defense
responses of the host.
Aphid MIFs Interfere with the Plant Immune System
To analyze whether aphid MIF proteins interfere with immune re-
sponses of the host plant, we used the Agrobacterium-tumefa-
ciens-mediated transient expression system to produce MIFs
in Nicotiana benthamiana leaves. This versatile method allows
delivering genes into the plant cell nucleus for functional analysis
and is commonly used for analyzing the interference of parasite-
and pathogen-derived proteins with plant immune responses
[18]. As A. pisum is unable to proliferate on N. benthamiana,
we used sequences from the aphid Myzus persicae, which isCurrent Biology 25, 18adapted to N. benthamiana as a host. To analyze the effect of
aphid MIFs on plant defenses, we stimulated the plant immune
responses with the elicitor cryptogein, a 10-kDa protein from
the oomycete plant pathogen, Phytophthora cryptogea [19].
When applied to plants from the genus Nicotiana, cryptogein
elicits multifaceted defense responses, including those gov-
erned by salicylate- and jasmonate-dependent signaling path-
ways. This leads to the production of pathogenesis-related
(PR) proteins [19], the synthesis of callose for cell wall reinforce-
ment [20], and, ultimately, to plant cell death as a visible outcome
of the cryptogein-induced hypersensitive response (HR) in Nico-
tiana [19]. As expected, cryptogein induced the cell death
response in N. benthamiana leaves upon local application (Fig-
ure 3A). By contrast, cell death did not occur in leaves that pro-
duced the aphid proteins (Figure 3A), indicating that MpMIF1,
MpMIF3, and MpMIF4 repress the cryptogein-induced HR. The
transfection with MpMIFs alone or with an empty vector control
did not result in visible symptoms (Figure 3A). The inhibitory ef-
fect of MIFs on apoptosis in animal cells is well documented
[21], and our results show an analogous effect of aphid MIFs
on the hypersensitive cell death of plant cells.
Callose deposition is an efficient host response to injury by in-
sect pests or pathogens [3, 22]. N. benthamiana leaves showed
strong callose synthesis upon cryptogein treatment (Figure 3B).
This response was repressed in cryptogein-treated leaves
producing MpMIF proteins, and callose levels were similar to
those observed in non-elicited leaves (Figure 3B). Congruently,
MpMIFs also impaired the cryptogein-induced transcriptional
activation of the N. benthamiana PR genes, NbPR1, NbPR2,
and NbPR3 (Figure 3C). Overexpression of genes encoding the
acidic NbPR1 and NbPR2 proteins characterizes the activated
salicylate hormone-signaling pathway, whereas an induction of
the gene encoding basic NbPR3 is associated with jasmonate-
dependent defenses [19]. The MpMIFs thus appear to prevent
immune responses, which are mediated by both hormones. It
has to be noted that theMpMIFs also induced callose apposition
and PR gene expression to some extent in control (cry )
N. benthamiana leaves (Figures 3B and 3C). Dual activities in
activating and suppressing host defense responses were also
shown for the salivary M. persicae protein of unknown function,
Mp10 [3, 23].
Taken together, the data show that aphid MIFs inhibit defense
responses when delivered to plant cells. To our knowledge, this98–1903, July 20, 2015 ª2015 Elsevier Ltd All rights reserved 1899
Figure 2. MIFs Are Required for an Exploita-
tion of the Host Plant
(A and B) Survival rate (%) and average individual
offspring production (daily fecundity expressed as
number of offspring per day per adult) of adult
A. pisum aphids feeding on plants (A) or main-
tained on artificial diet (B) for 13 days post-injec-
tion (DPI) of dsRNA. Aphids were injected with
non-relevant GFP dsRNA (black lines) or ApMIF1
dsRNA (red lines). Highly significant differences
between GFP dsRNA- and ApMIF1 dsRNA-in-
jected aphids are boxed with a dashed line (p <
0.001). The blue box on the x axis corresponds to
the period of optimum RNAi efficiency (see Fig-
ure S2). Data are means ± SD from triplicate ex-
periments carried out on 20 individuals.
(C) Schematic representation of aphid stylet pro-
gression within plant tissues during feeding. After
a non-probing period (1) aphid stylet progression
toward the phloem cells is achieved through
insertion between epidermic cells (ec) (2a), fol-
lowed by punctures of mesophyll cells (m) (2b),
long-repeated punctures of companion cells (cc)
and their associated phloem cells (pc) (3), and
finally, insertion in the phloem cells (pc) for phloem
sap ingestion (4).
(D) Reconstructed typical electropenetrogram
showing the corresponding feeding phases.
(E) Comparison of EPG parameters from the
feeding phases 3 and 4 in GFP dsRNA- (dsGFP;
black bars) or ApMIF1 dsRNA- (dsApMIF1; red
bars) injected aphids. Error bars represent the SE
of triplicate experiments carried out on 24 in-
dividuals. The asterisks indicate differences with
p < 0.05 according to theMann-Whitney U-test. All
parameters are listed in Table S1.represents the first evidence that animal cytokines interfere with
plant immune functions and raises the question of the nature of
the plant-signaling pathways that are targeted by aphid MIFs.
In mammals, signal transduction pathways engaged by MIFs
are complex and still not fully characterized. MIFs are known
as multifunctional molecules operating as cytokines and as en-
zymes [5, 6]. Extracellular MIF may undergo endocytosis and
bind to the intracellular protein JAB-1, which results in a down-1900 Current Biology 25, 1898–1903, July 20, 2015 ª2015 Elsevier Ltd All rights reservedregulation of MAPK signals. Alternatively,
MIFs can bind the extracellular receptor
CD74 and form a MIF-CD74-CD44 com-
plex, which activates the ERK/MAPK
pathways. However, they can also bind
to and signal through the G-protein-
coupled chemokine receptors CXCR,
thus activating integrins and calcium in-
fluxes [24–26]. In addition to these com-
plex physiological activities, MIFs act as
enzymes with D-dopachrome tautomer-
ase, phenylpyruvate tautomerase, and
thiolprotein-oxidoreductase activities
[26]. The question of the molecular activ-
ities and partner molecules of MIFs in
non-mammalian species was previously
raised in a study involving a MIF proteinfrom a gastropod snail [27]. Although lacking important elements
of mammalian MIF signal transduction pathways such as CD74
immune receptors, the snail MIF was shown to present the ex-
pected activities of induction of immune cell proliferation, inhibi-
tion of p53-mediated apoptosis, and to be involved in the snail
anti-parasitic response [27]. Themode of action of MIFs in plants
is even more intriguing, because specialized cells of the immune
system are missing and because immune responses such as
Figure 3. MpMIFs Impair Plant Immune
Responses
(A and B) Representative pictures showing hy-
persensitive cell death (A) and callose deposition
(B) in N. benthamiana leaves. Leaves were inocu-
lated with A. tumefaciens harboring the empty
vector (EV) or the MpMIF constructs (MpMIF1,
MpMIF3, orMpMIF4) 24 hr prior to infiltration with
cryptogein (Cry+) or water (Cry). The efficiency
and dynamics of Agrobacterium-mediatedMpMIF
expression in planta are shown in Figure S3. (A)
The visible symptoms of cryptogein-induced hy-
persensitive cell death are dehydration and brown
lesions (top left). These symptoms do not establish
in leaf areas that express MpMIFs. The local
expression of MpMIFs in leaf tissues does not
trigger hypersensitive cell death (lower lane)
neither does the empty vector control (bottom left).
Photographs were taken 48 hr after inoculation
with A. tumefaciens and 24 hr after treatment with
cryptogein or water. (B) Callose deposition is
induced by cryptogein in infiltrated leaf areas and
appears as blue fluorescence after aniline blue
staining (top left). Cryptogein-induced callose
deposition is reduced in leaf areas that express
MpMIF1, MpMIF3, or MpMIF4 to levels that are
triggered by the local expression of MpMIF genes
in the absence of cryptogein. Agroinfiltration with
the empty vector control (bottom left) did not induce callose deposition. Photographs were taken 36 hr after inoculation with A. tumefaciens and 12 hr after
treatment with cryptogein or water. The scale bars represent 150 mm. Numbers indicate means ± SD of callose spots obtained for six individual leaf discs.
(C) Expression of the defense-related genesNbPR1,NbPR2, andNbPR3 in leaf areas transfected with the EV (black bars) orMpMIFs (gradation of red bars) prior
to treatment with cryptogein (Cry+) or water (Cry). Expression of the target genes is presented as a relative expression normalized to internal reference genes
and to expression in the control sample (EV/Cry). Bars represent means ± SD from three biological replicates. Values marked by different letters are significantly
different (p < 0.001; ANOVA and Tukey-Kramer test). Values marked by identical letters are not significantly different.callose deposition and defense hormone signaling are plant spe-
cific. Understanding the mode of action of MIFs in plants will
definitely deserve future complex and dedicated studies.
It has to be noted that the plant immune-suppressive activity
of the aphid cytokines appears to be conserved among different
members of the MIF protein family, including those (such as
MpMIF3 and MpMIF4) that are not expressed in salivary glands.
Therefore, we investigated whether impaired survival and fecun-
dity ofMIF-silenced, plant-feeding aphids result from synergistic
effects between the different MIF proteins or from the specific
reduction of MIF1 protein in salivary secretions.
MIF1 Is Sufficient and Required for Aphid Feeding on the
Host Plant
TheM. persicae-N. benthamianamodel was used to confirm the
role of MIF members in vivo. Similar to what we observed for
A. pisum, RNAi-mediated interference of MIF1 expression re-
sulted in a downregulation of the two well-expressed MIF genes
in M. persicae (Figure S4). This downregulation significantly
decreased the survival and fecundity of aphids when maintained
on their host plant (Figure 4A) but had no effect when aphids fed
on artificial medium (Figure 4B). The downregulation ofMIF gene
expression thus specifically influences the capacity of both
M. persicae and A. pisum to interact with their host plant. A com-
plete recovery of normal survival and fecundity rates was ob-
tained when MIF-downregulated (RNAi) aphids were fed on
N. benthamiana ectopically expressing MpMIF1 (Figure 4C). A
partial recovery was observed when aphids were fed onCurrent Biology 25, 18N. benthamiana expressing MpMIF3 (Figure 4D) or MpMIF4
(Figure 4E). This partial recovery is likely due to the functional
redundancy among MIF proteins and their ability to inhibit plant
defense responses (Figure 3). However, only MIF1 proteins are
secreted in aphid saliva, and a complete functional complemen-
tation of survival and fecundity is achieved only by expressing
MpMIF1 in plants.
Taken together, we show that aphids express three
(M. persicae) to five (A. pisum) MIF genes. Expression profiles
indicate that the cytokines modulate the various biotic interac-
tions that aphids undergo with endosymbiotic bacteria, para-
sites, and pathogens [11]. Here, we show that aphids dedicate
one particular cytokine from the MIF repertoire (MIF1) to their
salivary glands, thus providing a mean to interfere with the
immune system of host plants. We suggest that aphids commu-
tated a regulatory element from their immune system, which
originally participates in warding off parasites, into a device for
improving their own parasitic activity.
Further studies have to show whether the cytokines that are
secreted by animal and plant parasites interfere with analogous
signaling cascades in host cells. It has to be noted that genes en-
coding MIF cytokines were recently described in the model
plant, Arabidopsis thaliana [28]. Furthermore, we identified four
genes in the N. benthamiana genome that code for cytokines
and have similarities with the MpMIF1 protein (Figure S5). It is
therefore possible that MIFs secreted by aphids mimic or antag-
onize host proteins to repress plant immune responses. Cyto-
kine mimicry was shown for the tick Amblyomma americanum,98–1903, July 20, 2015 ª2015 Elsevier Ltd All rights reserved 1901
Figure 4. Host-Delivered MIF1 Restores Lifespan and Fecundity of
Cytokine-Silenced Aphids
Survival rate (%) and average individual offspring production (daily fecundity
expressed as number of offspring per day per adult) of adult M. persicae
aphids feeding on non-transformed N. benthamiana leaves (A); maintained on
artificial diet (B); or feeding on N. benthamiana leaves expressingMpMIF1 (C),
MpMIF3 (D), or MpMIF4 (E) for 10 days post-ingestion (DPI) of dsRNA. Highly
significant differences between GFP dsRNA- (black lines) and MpMIF1
dsRNA-silenced aphids (red lines) are boxed with a dashed line (p < 0.001;
Kruskal-Wallis test). The blue box on the x axis corresponds to the period of
optimum RNAi efficiency (see Figure S3). Data are means ± SD from triplicate
experiments carried out on 50 individuals.which secretes a salivary MIF into animal hosts to protect the
parasite from being repelled [29].
This first report of a parasite cytokine allowing plant exploita-
tion via salivary secretion suggests a so-far-unsuspected con-
servation of particular infectious processes between parasites
of animal and plant species.
EXPERIMENTAL PROCEDURES
Biological material and procedures for the characterization ofMpMIFs; reverse
transcription real-time quantitative PCR (qRT-PCR); aphid maintenance on
artificial diet; the detection of secreted aphid MIFs; plasmid design for Agro-
bacterium-mediated transformation; transient expression in N. benthamiana;
analysis of plant immune responses and RNAi; analysis of aphid feeding
behavior, survival, and fecundity; and statistical analyses are specified in the
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